Please cite this article as: Chope, G.A., Terry, L.A., Use of canonical variate analysis to differentiate onion cultivars by mineral content as measured by ICP-AES, Food Chemistry (2009), doi: 10.1016/j.foodchem.2008 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. Three onion cultivars viz. Renate, Ailsa Craig and SS1 were characterised according to 10 their mineral content. The concentrations of the macronutrients phosphorus, potassium, 11 calcium, manganese and sulphur and the micronutrients iron, boron, manganese, copper 12 and zinc were analysed in freshly harvested and stored onion bulbs using ICP-AES 13 (Inductively coupled plasma -atomic emission spectroscopy). Onions were treated pre-14 harvest with additional sulphur (100 kg ha -1 ) and/or calcium (300 kg ha -1 ) applied in four 15 combinations at the time of seed drilling, however these treatments did not affect the total 16 concentrations of sulphur or calcium in the harvested bulbs. The data were subjected to 17 canonical variate analysis in order to determine the most appropriate variate to 18 discriminate between cultivars. Two canonical variates were sufficient to differentiate 19 between the three cultivars, with the first canonical variate describing differences in 20 micronutrients between the genotypes and the second separating the cultivars by 21 differences in sulphur concentration. 22 23 ACCEPTED MANUSCRIPT
Introduction 26 27
The elemental composition of the edible portion of some Allium species has been 28 used as a method for defining geographic origin (Ariyama, Horita, & Yasui, 2004; 29 Ariyama & Yasui, 2006; Ariyama, Aoyama, Mochizuki, Homura, Kadokura, & Yasui, 30 2007) . In addition, analysis of 63 major and trace elements was shown to allow 31 differentiation between conventionally and organically grown onions cv. Hysam from 32
Denmark (Gundersen, Bechmann, Behrens, & Stürup, 2000) . However, apart from these 33 works and others (Bibak et al., 1998; Alvarez, Marcó, Arroyo, Greaves, & Rivas, 2003; 34 (Rodríguez Galdon, Oropeza González, Rodríguez Rodríguez, & Díaz Romero, 2008) 35 there has been little research concerning the elemental composition of bulb onions. Most 36 work concerning manipulation of mineral nutrition of onions has concentrated on the 37 effect on quality parameters, particularly the effects on pungency (enzymatically 38 produced pyruvate after maceration), flavour precursors and firmness. Only a few studies 39 have performed analysis to determine whether the changes in mineral nutrition resulted in 40 an effect on total mineral concentrations in the bulb. Field, hydroponic and tissue culture 41 trials worldwide have shown that attempting to manipulate the sulphur content of onions 42 by varying the sulphur supply during growth has had mixed results and is highly 43 dependent on a range of factors. These factors include cultivar, the extent of variation of 44 sulphur supply, and other seasonal and environmental influences including climactic 45 conditions and soil type (Randle, 1992; Randle, Bussard, & Warnock, 1993; Hamilton, 46 additional sulphur and/or calcium at rates of 100 kg ha -1 of sulphur and 300 kg ha -1 of 74 calcium were applied in four combinations including a negative control (plus Ca minus S, 75 plus Ca and S, minus Ca plus S and minus Ca and S). Sulphur, in the form of agricultural 76 gypsum, was applied uniformly over the plot area at the time of drilling. Calcium was 77 applied evenly by hand in the form of 77% calcium chloride flakes (Kemira, Cheshire, 78 UK The dry outer skins were removed, and then a vertical wedge of tissue was taken from 108 the basal section of the bulb. Each sample was weighed and immediately snap-frozen in 109 liquid nitrogen, and stored at -40ºC until it was lyophilised. Dry weight measurements 110 were made on lyophilised samples. 111 112
Mineral analysis 113
Lyophilised bulb tissue (n = 60) was ashed and then digested with 1 ml 115 concentrated nitric acid (ADAS, 1985) . The intensity of ion response was measured by 116 ICP-AES (Inductively coupled plasma -atomic emission spectroscopy; Ultima 2, Jobin 117
Yvon, London, UK). Results were expressed as total ion concentrations of boron, 118 calcium, copper, iron, magnesium, manganese, phosphorus, potassium, sodium, sulphur 119 and zinc by comparison with external standards. 120 121
Statistical analysis 122 123
The effect of the application of additional calcium and sulphur to onion plants in 124 the field on the concentration of each mineral analysed was assessed using ANOVA. The 125 calcium and sulphur treatments did not affect total bulb sulphur or calcium content at a 126 probability level of 0.05. Therefore, the data sets for all calcium and sulphur treatments 127 were pooled. A main effect of cultivar was identified by univariate analysis of variance 128 (ANOVA). The groups were further defined using canonical variate analysis (CVA) 129 (Gardner, Gower & Le Roux, 2006) , which bases the analysis on grouping the data so 130 that the variance between groups (cultivars) is maximized and the variance within groups 131 is minimised. The circular 95% confidence limits represent the confidence interval for 132 the population rather than the population mean and have radii of 2.448. The basic radius 133 value is the square root of the chi-square distribution value at the 5% significance level, 134 for a distribution with 2 degrees of freedom (as displaying the CVA in 2 dimensions). 135
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All statistical analyses were carried out using Genstat for Windows Version 7.1.0.198 136 (VSN International Ltd., Herts., UK). 137 138
Results and discussion 139 140
The variation in mineral content between cultivars was greater than the variation 141 caused by storage time (Fig. 1) . Bulbs of each cultivar were stored for different lengths of 142 time due to differences in storage life; however, the sampling points represent the 143 beginning, middle and end of the storage period for each. 144 145 INSERT FIGURE 1. 146
147
To enable comparison with other published data on the elemental composition of 148 onions, the data was calculated on a fresh weight basis using the mean dry weights of 149 each cultivar (Table 1) . 150 151 INSERT during storage yet mineral content will change as a proportion of fresh weight due to 155 weight loss. Therefore, the different concentrations recorded at various storage durations 156 are more likely to represent the natural variation within the population rather than real 157 changes in mineral concentration. Onion cv. Ailsa Craig bulbs showed the greatest 158 ACCEPTED MANUSCRIPT variability over time (Fig. 1) , and this may be attributed to the fact that it is a not a 159 commercial cultivar and maintenance of the breeding line is poor (B. Smith, pers. comm, 160 2004 The data are, however, within the same range as that reported for calcium, copper, iron, 166 manganese, potassium and zinc in cvs. 438 Granex and Yellow Granex, using a technique 167 based on total reflection X-ray fluorescence and ultrasound-based extraction procedure 168 (Alvarez et al., 2003) , and for those reported for boron, copper, manganese, potassium 169 and sodium in onion cv. Hysam measured using high resolution ICP-MS (Bibak et al., 170 1998) . In addition, the data reported here are similar to those reported for copper, iron, 171 manganese and zinc in the fresh leaves of other Allium L. species (viz. A. schoenoprasum 172
and A. flavescens Bess.) measured using ICP-MS (Golubev, Golubkina, & Gorbunov, 174 2003) . The reason for differences occurring between reported values for mineral 175 concentrations in onion is likely to be due to a combination of factors including the 176 preharvest growing conditions, postharvest treatment, analytical methods, and, as has 177 been demonstrated here, genotype. 178
Onion cv. SS1 bulbs had a greater concentration of total sulphur per gram dry 179 weight than cv. Ailsa Craig and Renate (Fig. 1) . This is perhaps surprising as cv. SS1 180 was the least pungent of the three cultivars (Chope, Terry, & White, 2006) , and pungency 181 ACCEPTED MANUSCRIPT is determined by the availability of sulphur-containing flavour precursors (ACSOs). 182
Pungency is calculated on a fresh weight basis to reflect the edible product. However, all 183 mineral analyses were performed on lyophilised tissue, and when the concentrations were 184 calculated on a fresh weight basis (using the mean dry weight percentage), free sulphur 185 concentration was least in cv. SS1 bulbs (Table 1 ). In addition, it has been shown that 186 there are genotypic differences in the partitioning of sulphur accumulated by the onion 187 plant. Randle, Kopsell, Kopsell, & Snyder (1999) , showed that total bulb sulphur 188 accumulation was poorly correlated with pungency in three onion cultivars. They 189 concluded that a key contributing factor in determination of the pungency of an onion 190 depends upon the capability of the plant to partition sulphur as sulphate in the vacuole, 191 thus reducing the amount of sulphur incorporate into the ACSO biosynthetic pathway. A plot of the means of the data relative to the first two canonical variates (Fig. 2)  224 showed that there was minimal overlapping between the 95% confidence limits for each 225 cultivar. The highest loading for CV1 was assigned to boron, and onions cv. Renate had 226 a high positive value for CV1, signifying a high boron concentration compared to cvs. 227
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Ailsa Craig and SS1. The highest loading for CV2 was assigned to sulphur, indicating 228 that onion bulbs cv. SS1 contained a higher concentration of sulphur per dry weight than 229 cvs. Renate and Ailsa Craig, which was also demonstrated using ANOVA. following application of 155 or 230 kg ha -1 ammonium sulphate staggered at 6 and 10 247 weeks after transplant. It is evident from the results presented herein that the sulphur and 248 calcium applied was not present in the soil in a sufficiently available form, or was applied 249 too early to the crop. There is also the possibility that the sulphur and calcium were taken 250 ACCEPTED MANUSCRIPT up early on in the growth period, and retained in the upper part of the plant, however, it 251 has been shown that ACSOs are translocated from the leaves to the storage scales during 252 bulbing (Mallor & Thomas, 2008) . In addition, it may have been that the soil conditions 253 supplied sufficient sulphur and calcium nutrition to plants so that the applied treatments 254 did not have a measurable effect. 255 256
Conclusion 257 258
The work presented herein has shown that it is possible to separate the three 259 cultivars in this experiment on the basis of mineral content using just two canonical 260
variates. It was also apparent that when onions of different cultivars are grown on the 261 same site (i.e. same soil and climatic conditions), there are still significant differences in 262 the mineral composition of the bulbs. It is therefore likely that the source of this variation 263 is genotypic. Additional calcium and sulphur fertilisation applied at the time of drilling 264 had no significant effect on the concentrations of these minerals in the bulbs. Therefore, 265 it is important to consider the mode and timing of application of these treatments, and it 266
should not be assumed that mere application to the soil results in greater bioavailability. Journal of Agricultural and Food Chemistry, 52(2), Ariyama, K., Nishida, T., Noda, T., Kadokura, M. & Yasui, A. (2006) . Effects on 292 fertilisation, crop year, variety, and provenance factors on mineral concentrations 293 in onions. Journal of Agricultural and Food Chemistry, 54(9) , 3341-3350. 294 Table 1 
